When an expansion flow field of moving dots is overlapped by planar motion, observers perceive an illusory displacement of the focus of expansion (FOE) in the direction of the planar motion (Duffy and Wurtz, Vision Research, 1993;33:1481 -1490. The illusion may be a consequence of induced motion, wherein an induced component of motion relative to planar dots is added to the motions of expansion dots to produce the FOE shift. While such a process could be mediated by local 'center-surround' receptive fields, the effect could also be due to a higher level process which detects and subtracts large-field planar motion from the flow field. We probed the mechanisms underlying this illusion by adding varying amounts of rotation to the expansion stimulus, and by varying the speed and size of the planar motion field. The introduction of rotation into the stimulus produces an illusory shift in a direction perpendicular to the planar motion. Larger FOE shifts were perceived for greater speeds and sizes of planar motion fields, although the speed effect saturated at high speeds. While the illusion appears to share a common mechanism with center-surround induced motion, our results also point to involvement of a more global mechanism that subtracts coherent planar motion from the flow field. Such a process might help to maintain visual stability during eye movements.
Introduction
Duffy and Wurtz [1] describe a number of perceptual effects associated with the superposition of two sets of randomly distributed dots undergoing two different types of motion. One set of dots moves coherently within the frontoparallel plane (henceforth referred to as 'planar motion'), while the other expands outward from a single point, the focus of expansion (FOE). When the two types of motion are combined by vector addition to specify the trajectories of individual dots, observers accurately perceive the focus of expansion as being displaced in the direction opposite that of the planar motion. However, when the two types of dot motion are simply overlapped, with a given dot participating only in expansion or only in translation, observers perceive the focus of expansion as being displaced in the direction of the planar motion (Fig. 1) . This illusion has a number of implications for theories of the computation of self-motion.
Gibson [2] first pointed out that, for purely translational movement, the focus of expansion of an optic flow field indicates one's heading direction, and that this information could be useful for navigation. However, during rotation of the eye or head, the optic flow field 1 is combined with a constant rotational component, which displaces the FOE away from the direction of heading. In this case a new FOE is created around the fixation point. It has been suggested that the visual system may detect eye rotation, either by visual means [3] or through an oculomotor efference copy [4] [5] [6] , and remove the visual consequences of the rotation from the internal representation of the flow field. In this case, the inferred FOE would once again accurately specify [1] . Rightward planar motion is superimposed with expansion motion (a). Components of induced motion (b), indicated by dashed arrows, when added to the motions of expansion field dots, may account for the perceptual effect (c). In (b) the vector sum of the dashed and solid vectors create vectors with large leftward magnitudes on the left and small magnitudes on the right, as in (c). Parts (a) and (c) adapted with permission from Duffy and Wurtz [1] .
During an eye movement, full-field planar motion could result from the retinal motion of points at large depths from the observer, and there is some evidence that these points influence heading perception [7, 8] .
Duffy and Wurtz's [1] suggestion does not address the mechanism by which the FOE shift might take place. Meese et al. [9] suggested that the Duffy and Wurtz illusion could be explained by induced motion, which occurs when a stationary target appears to move in a direction opposite that of a surrounding object [10] . Since induced motion can combine additively with real motion [11] , they hypothesized that the large-field planar motion in one direction induced motion in the opposite direction, which, when added to the expansion stimulus, produced the observed effect (Fig. 2) .
Induced motion is a general term assigned to a number of diverse effects [12] . Therefore it is important to make the functional distinction between purely local induced motion, often referred to as motion contrast or center-surround induced motion, and a more global effect, which is related to perception of self-motion. The latter phenomenon is likely to be of interest for understanding perception of heading, while the former is more likely related to the perception of object motion. Heckmann and Howard [13] demonstrated that the two types of effects could be completely dissociated experimentally. Global mechanisms have been invoked to explain psychophysical results on induced motion [12] and motion after-effect [14, 15] . However, the demonstration by Nakayama and Tyler [16] that motion can be induced simultaneously in two different directions strongly suggests the involvement of a local mechanism.
The dichotomy between global and local motion processing is also seen on a physiological level [17] . The the direction of heading. Duffy and Wurtz [1] suggested that the illusion may be related to a general strategy exploited by the visual system to compensate for the effects of eye movements. Specifically, they hypothesized that the visual system interprets full-field planar motion as a reafferent stimulus indicating an eye movement, and shifts the perceived FOE to compensate. Fig. 2 . Combination of induced planar motion and various types of optic flow motion. Note the vertical and horizontal shifts for rotation and expansion motion, respectively. Adapted with permission from Duffy and Wurtz [34] . middle temporal (MT) area of the monkey visual cortex contains direction-selective cells, some of which show increased responses to stimuli of increasing size, which is suggestive of a role in global motion processing. Another type of cell is inhibited by large-field motion in the direction which elicits a strong response if the stimulus is small. These cells are well suited to detecting motion contrast. This dichotomy is also present in the middle superior temporal (MST) area, which is the next stage in the motion processing hierarchy [18] . One goal of the present work is to determine to what extent each of these mechanisms contributes to the illusion.
Our first experiment was designed to test whether the illusory percept can be explained by the addition of induced motion vectors with optic flow vectors (Fig.  1c) . If this argument is valid, replacing the expansion stimulus with a circular one should induce a shift in a direction perpendicular to the planar motion (Fig. 2) . In four other experiments, we examine the validity of Duffy and Wurtz's assertion that the illusion is a consequence of a perceptual strategy for maintaining visual stability during eye movements. If this is the case, we would expect that the illusory effect would be facilitated by global stimulation more than by local stimulation, since eye movements affect the entire flow field. We address this issue by manipulating the size and speed of the planar motion field. In Section 13 we relate our findings to neurophysiological data on primate visual area MST.
General methods
Visual stimuli were generated on a Silicon Graphics Reality Engine at 66 frames s − 1 . For Experiments 1 and 2, the display subtended a visual angle of 60°at a viewing distance of 30 cm. The stimuli consisted of 200 white dots, with 100 undergoing expansion and 100 undergoing translation. Each dot subtended 0.6°of visual angle in diameter against a black background. For every frame, each dot had a 5% chance of being removed, resulting in a mean dot lifetime of approximately 0.2 s. Dots that exceeded their lifetime or reached the edge of the screen were assigned to a random location on the screen in the next frame. In Experiment 1, the speed of planar motion was fixed at 19°s − 1 . The direction of motion (leftward vs. rightward) was varied randomly across trials. The speed of expanding motion increased with distance from the focus of expansion, reaching a maximum speed of 16°s
For Experiments 3 -5, we used a larger monitor, which covered a visual angle of 85°at a viewing distance of 35 cm. This monitor seemed to have a slower rate of phosphor decay than the first, leading to visible traces of dot trajectories. We therefore reversed the contrast of display, using black dots on a white background. Planar dot speed was fixed at 22°s − 1 , and expansion speed reached 23°s − 1 . In Experiments 3 and 5, the number of planar dots was scaled to the size of the planar motion field, with a full planar motion field containing 120 dots. In Experiment 4, the number of planar dots was manipulated directly from a minimum of 50 to a maximum of 500.
Each trial began with a visual cue consisting of a single red dot at the center of a black screen, displayed for 1 s. The stimulus was then displayed for 3 s. A black cross then appeared against a grey background, and the subjects' task was to use the mouse to move the cross to the location of the perceived center of motion, and to click with the mouse button. In Experiments 2-5, the cross moved only along the horizontal meridian of the screen, since shifts along the y-axis were not being measured. Observers were given no instructions about fixation, and eye movements were not monitored. Adding a fixation point to the stimulus does not seem to affect the perception of this illusion [1] .
In each experiment the variable to be manipulated was assigned a value from a discrete set, in order to simplify plotting of the results. We chose to present 90 trials in each case, so that each value would be presented an average of 15 times, and each of the five experiments lasted approximately 10 min. We presented two or three experiments in a single session. Five observers participated in Experiments 1 and 2, and eight participated in Experiments 3-5. Author C. Pack participated in all experiments, and author E. Mingolla participated in Experiments 3-5. All other observers were naive as to the purpose of the experiment, and no feedback was given on any trial. Volunteer observers were paid $6 per session.
For each experiment a positive result was defined as a shift in a direction parallel to the planar motion. For Experiment 1 the direction of rotation was also taken into account, so that a positive vertical shift was defined as a perceived displacement in a direction consistent with induced motion. For example, an upward shift for the combination of leftward planar and clockwise rotation motion would be considered positive (Fig.  2) . Since there was no discernible difference between the magnitude of perceived shifts for leftward and rightward planar motion, the two directions were combined in the presentation of experimental results.
Experiment 1
The purpose of this experiment was to test the induced motion hypothesis. Planar motion was presented as described in Section 2, but the optic flow stimulus was chosen from a continuum of stimuli. The continuum ranged from pure expansion motion to circular 
Experiment 2
Experiment 1 showed that the perceived displacement behaves as would be predicted by a process that sums induced motion vectors with the optic flow stimulus. Measuring the effect of varying planar motion speed on the magnitude of the FOE shift is useful as a probe of the types of induced motion mechanisms underlying the illusion. Levi and Schor [19] and Wallach and Becklen [20] found that increasing the speed of surrounding motion beyond an upper threshold decreased the perceived induced motion speed, for inducing speeds up to 31.7°s
. These studies used relatively small stimuli (12°and 13°diameters, respectively), which are thought to be optimal for stimulating those cells in visual cortical area MT that have inhibitory surrounds [21] . Consistent with these findings, Tanaka et al. [22] found a population of MT motion, with a series of spiral stimuli in between. The spirals were generated by adding expansion and rotation motion such that each dot in the compound stimulus moved according to
where E and R define the rotation and expansion at a given point (x, y) measured from the center of motion Appendix A. The parameter h defines the ratio of expansion to rotation (Fig. 3) .
Results
The magnitude of the perceived horizontal and vertical displacements for one observer (not an author) and for the group, as a function of the amount of rotation present in the optic flow stimulus, are shown in Fig. 4 . The amount of vertical shift covaries with the proportion of rotation, while the amount of horizontal shift covaries with the proportion of expansion. The results of each observer manifested these trends, to varying degrees. This is consistent with the idea that the illusion is related to induced motion (Fig. 2) , although it does not address the relative contributions of global and local mechanisms. There was a tendency for the perceived y-axis shift to decrease in the case of pure rotation (h = 1.0), relative to its value for h = 0.8. We attribute this to an after-effect of the expansion component, which was present to some degree in all other stimulus configurations. In response to queries from the experimenter, conducted after data were gathered, some observers reported seeing the rotation stimulus contract about its center, which provided an additional cue as to the actual position of the real center of rotation. cells that showed decreased inhibition when the speed of the surround motion was increased.
For full-field (optokinetic) stimulation, induced motion shows increases in perceived velocity for increasing inducing stimulus velocity, for speeds up to 180°s − 1 [23] . This type of stimulation would almost certainly be optimal for engaging a global mechanism. Thus, if the illusion is due entirely to a global effect, we would expect to see a monotonically increasing FOE shift for increasing speeds of planar motion. On the other hand, if the illusion is due entirely to a more local effect, we would expect a decreasing FOE shift. For Experiment 2, the speed was chosen from ten values ranging from 0 to 61.8°s − 1 , while the rate of expansion was held constant. As in Experiment 1, subjects were instructed to indicate their judgment of the FOE position, but in this case, only expansion stimuli were used (no rotations or spirals), so only horizontal shifts in FOE position were measured.
The results indicate that the induced motion speed increased with planar motion speed up to a point, after which the effect began to level off, and even to decline slightly for some observers. While there was substantial variability across observers, in no case was there a monotonically increasing relationship between increased planar speed and perceived shift. This result indicates that neither local nor global induced motion is likely to be the sole cause of the illusion. Three of the five observers showed peaks at 20°s
. Duffy and Wurtz [1] found a monotonically increasing relation between planar motion speed and FOE shift, but the maximum speed used in their experiment (24°s
) was lower than that for ours (61.8°s
), so our results are not inconsistent with their findings. Fig. 5 displays the speed of expansion motion that was cancelled by planar motion at various speeds for each observer, and for the group. The results were calculated by measuring the perceived location of the FOE, and computing the actual speed of the expansion motion at that point.
Experiment 3
Experiment 2 raises an important question regarding the strength of this effect: If the visual system interprets large-field coherent motion as evidence of an eye movement, then is a 60°visual stimulus sufficient to engage the full force of such a global motion processing mechanism? The third experiment was designed in part to address this concern. We used a larger (85°) monitor, and varied the area of the planar motion field, while holding constant the size of the expansion field (Fig. 6 ) at 85°. The speed of planar motion was held constant at 22°s − 1 (Section 2). For small planar motion fields, the stimulus was similar to that generated by forward motion toward an object which is translating laterally, for which Royden and Hildreth [24] reported an illusory 
Experiment 4
In Experiment 3 observers perceived an increased FOE shift for increased planar field size. However, increasing the planar field size also increases the number of planar field dots. (see Section 2) The purpose of Experiment 4 was to determine if the increase in the perceived shift of the FOE was related to the number of dots in the planar field, rather than to the size of the field. We used a full-screen planar field while varying the number of planar field dots between 50 and 500.
Results
There was little effect of increasing the number of planar field dots (Fig. 8) , suggesting that the increased shift in Experiment 3 was in fact due to the increasing size of the planar field.
Experiment 5
The results up to this point suggest that the illusory displacement of the FOE. A model of cortical areas MT and MST proposed by Royden [25] shows the same bias. In our experiment the 'object', defined by the planar motion field, was transparent, while the object in Royden and Hildreth's [24] Experiment 4 was opaque. Subjects once again indicated the perceived FOE based on the expanding motion.
Results
There was a strong effect of the size of the planar motion field on the magnitude of the shift (Fig. 7) . This indicates that small FOE shifts (relative to the planar motion speed) found in Experiment 2 may be due in part to the relatively small field of view. Alternatively, it could be that the increasing planar field size allows for more local interactions between the planar and expansion fields which in turn increases the amount of local motion contrast. We address these issues in the last two experiments.
FOE shift is a manifestation of induced motion, and also of a mechanism that may serve to maintain visual stability during eye movements. To the extent that the illusion is a probe of underlying physiological mechanisms, it would be of interest to distinguish between a local center-surround mechanism [26] and a global mechanism which subtracts from the flow field the translation caused by eye rotation [3] . In order to explore this distinction, we repeated Experiment 3, with an expansion field covering 50°of visual angle, rather than the 85°used in the previous experiments. This resulted in a maximum expansion dot speed of 13°s
Increasing the extent of the planar motion field beyond that of the expansion field increases the input to the global processing mechanism without affecting the potential for local interactions. If the illusion is due only to a local center-surround effect, we would expect the magnitude of the perceived FOE shift to level off at or near the point where the planar field completely overlaps the expansion field [21] . However, if there is a more global mechanism which contributes to the illusion, we would expect the magnitude of the perceived FOE shift to continue to increase, even when the planar field is significantly larger than the expansion field.
The magnitude of the FOE shift continued to increase beyond the point where the two sets of stimuli overlap, as shown in Fig. 9 . This supports the hypothesis that there is a global component to the illusion which cannot be explained by a local center-surround mechanism, and which is likely to involve subtraction of planar motion, of the type that is generated during pursuit eye movements.
Discussion
Our experiments show that large-field planar motion induces motion in the opposite direction, and that this induced motion is combined in an additive fashion with motion vectors in nearby parts of the visual field. The perceptual effect appears to be a 6ector subtraction of the planar motion. When the stimulus contains expanding motion, this results in a shift of the FOE in the direction of the planar motion. This effect appears to be due, at least in part, to a global mechanism for detecting coherent motion which may be caused by an eye movement. Experiment 1 reinforced the induced motion account of the illusion by demonstrating that a shift in a direction perpendicular to that of the planar motion occurred when rotation was introduced into the stimulus. Experiment 2 showed that the magnitude of the illusory FOE shift is related to the speed of the planar motion, and that the effect levels off for speeds greater than 20°s
. This is inconsistent with an explanation of the illusion which relies entirely on local mechanisms. Experiments 3 and 4 showed that the gain of the perceived FOE shift is dependent on the areal extent of the planar motion field. Experiment 5 showed that the effect of increasing planar field size continues beyond the point where the planar and expansion fields are equal in size.
The induced motion explanation does not necessarily contradict Duffy and Wurtz's [1] hypothesis concerning mechanisms of visual stability. In fact, the results of induced motion experiments are largely consistent with the idea of a global mechanism that maintains visual stability during self-motion [27] . Experiments 2-5 have direct consequences for the hypothesis that this illusion is a consequence of a strategy for compensating for the visual effects of eye movements.
Experiment 2 demonstrated that the correlation between increased planar speed and increased shift of the FOE saturates, on average, at approximately 20°s
. This is close to the maximum speed reported (30°s for which humans can track objects smoothly using eye movements [28] . Experiment 3 showed an increasing relationship between the size of the planar motion field and the magnitude of the shift, for planar field widths as small as 11°. Large-field planar motion could be used as evidence of an eye movement, particularly if it is combined with depth information [7, 8] . Experiment 5 showed that the increasing shift for increasing planar motion field size is somewhat independent of the degree of overlap between the planar and expansion stimuli. This is consistent with a global motion processing mechanism.
Local induced motion effects are usually attributed physiologically to cells in visual cortical area MT which have inhibitory surrounds. These cells exhibit response selectivity for a particular motion direction in their receptive field centers, but the responses are suppressed when the preferred motion direction is presented outside the receptive field center [29] . The receptive field centers average 2.5°in diameter [30] , with surrounds that may measure 50 -100 times the size of the center [31] . The center-surround receptive field organization makes these cells well-suited to detect motion contrast, and motion contrast almost certainly plays a role in generating the effects described in this paper.
MT cells are also well-suited to detect global context, based on the long-range interactions observed in their inhibitory surrounds. This long-range inhibition could result from descending connections from higher cortical areas, which have been shown to influence receptive field surrounds [32] . Descending cortical input has been demonstrated to be useful in computational models of motion perception [33] . Such a descending pathway would provide a neural substrate for the global effects observed in this paper, particularly in Experiment 5, and would be quite useful for eliminating the effects of eye movements at a local level.
There is substantial neurophysiological support for the idea of high-level vector subtraction. Cells in MSTd respond preferentially to expansion stimuli in a specific location of the visual field [34] , and are selective for speed [35] . Thier and Erickson [36] found that cells in this area compensate for the results of eye rotation, concluding ''such signals are not uniformly transmitted through the visual system, but are selectively removed from the 'motion pathway' at the level of MST'' (p. 612). Recently, Bradley et al. [37] have shown that some expansion-selective cells in MST shift their preferred locus for the FOE in order to compensate for eye movements. Bradley et al. [37] also found that rotationselective cells shift their preferred center of rotation in a direction orthogonal to that of eye movements. Grossberg et al. [38] have modeled how an extra-retinal input to area MST can improve heading perception. These results provide support for the idea that the visual system removes the optic flow due to eye rotation, but they only address the extra-retinal contribution to this mechanism, not the visual contribution.
It may be possible to study the visual contribution based on the results of Experiment 2. We can think of the perceived FOE as the point where the induced motion exactly cancels some part of an expansion stimulus. Since the speed of expansion motion increases with distance from the FOE, we can use the magnitude of the FOE shift to calculate the speed of motion in the expansion field that is cancelled by planar motion (Fig.  10) . By studying the magnitude of the FOE shift for various speeds of planar motion, we can estimate the 'gain' of the effect. This has direct relevance for the notion that this illusion is related to visual stability, since the effectiveness of such a strategy would depend on the ability to eliminate fully the effects of eye rotations, which would require a gain of 1.0. A smaller gain would indicate that the system could only partially compensate for the effects of eye movements without extra-retinal information.
The right axis of Fig. 5 shows that, for all observers, the gain of the illusion in Experiment 2 never approached 1.0, indicating that the induced motion mechanism can only partially compensate for the effects of eye movements. Fig. 5 also indicates that the gain is nearest unity at slow planar motion speeds, which may be related to the finding that observers can compute heading based on visual information alone for slow rates of eye rotation [6, 39] . Experiment 3 showed that, even with a larger field of view (85°), the gain of the effect was substantially less than unity.
Combining extra-retinal and visual information may be necessary to compensate for the less-than-unity gain of the extra-retinal signal [40] , which has been estimated psychophysically to be approximately 0.8 [41, 42] . Conversely, the low gain of the illusory FOE shift found in Experiment 2 may be necessary to prevent overestimation of the rate of eye rotation [43] . A similar additive mechanism has been suggested [44] to account for the cancellation of perceived background motion during eye movements (the Filehne illusion), and the gain of this mechanism appears to be highly dependent on the stimulus size and speed. An alternative model by Van den Berg and Beintema [45] suggests that retinal and extra-retinal information combine multiplicatively.
Komatsu and Wurtz [46] found that smooth pursuit cells (i.e. those cells activated by slow eye movement in a particular direction) in MST could be driven equally well by full-field visual stimulation, and that the preferred direction of stimulus motion was opposite that of the preferred eye movement direction in the majority of the cells tested. Similarly, Wurtz et al. [47] describe an MST cell that responded to stimuli that have the perceptual effect of inducing motion in the cell's preferred direction of smooth pursuit. These results suggest that MST cells combine extra-retinal and retinal eye movement information additively. Consistent with our Experiments 3 and 4, Komatsu and Wurtz [46] also found that the size of the planar motion field strongly affected the response of the cells, and that the number of dots used in the stimulus was not a factor in the cell response. Furthermore, their cells showed a saturation in response for pursuit speeds greater than 20°s − 1 , as did our observers in Experiment 3. Thus, it may be that MST cells combine extra-retinal and visual information at an early stage, and that these cells initiate the vector subtraction which drives the illusory FOE shift.
Recent evidence linking the illusory FOE shift to the stereoscopic system [48] strengthens the notion that the illusion is tied to a global processing mechanism. During self-motion, more distant objects appear to move more slowly relative to the observer than do nearer objects. As a result, the addition of a constant vector caused by eye rotations is more easily detected at greater depths beyond the fixation point. Intuitively, one can imagine that points near the horizon have no relative motion caused by self-motion, hence any perceived motion at far depths is due solely to eye rotation. There is some evidence that the visual system exploits this property, interpreting the motion of distant points as due to eye movements. Van den Berg and Brenner [7, 8] showed that decreasing the available range of depth information negatively affected subjects' ability to decompose flow fields consisting of translation and rotation. Van den Berg [49] demonstrated that the motion of points at the horizon was necessary for accurate heading perception. Similarly, Heckmann and Howard [13] and Previc and Donnelly [50] have found that some types of induced motion perception are strongly increased by motion beyond the plane of fixation. Telford et al. [51] showed that kinetic depth cues indicating motion beyond the fixation point, in the central visual field, were most effective in inducing vection. These results strongly suggest that depth information, specifically motion beyond the fixation point, is used by the visual system to calculate self-motion. In any case, our experimental results suggest that the visual system uses information about the speed and spatial extent of retinal motion to detect and compensate for motion of the eye. The value of m was set to 0.008 for clockwise rotations and −0.008 for counter-clockwise rotations. In all cases, dots that moved off the screen were reassigned a random position in the next frame.
